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Abstract

A COPHYLOGENETIC ANALYSIS OF FUNGUS-GARDENING ANTS AND THEIR
SYMBIOTIC FUNGI

Katherine Beigel

Thesis Chair: Jon Seal, Ph.D.

The University of Texas at Tyler
November 2019

Fungus-growing ants (Tribe Attini) and their fungal cultivars share a 50-millionyear coevolutionary history. Large scale phylogenetic analyses depict a strong cophyletic signal among ants and their farmed fungi yet fungus sharing among unrelated
ant lineages is somewhat widespread. An overview of sharing has been hampered by a
lack of genetic markers that exhibit intraspecific variation and surveys across geographic
regions. For example, previous studies have shown similar sequences of the internal
transcribed spacer (ITS) region of fungus in different species of Trachymyrmex,
suggesting that these ant species are farming the same fungal clone. To examine
whether this was a case of symbiont sharing or an issue of relatively uninformative
molecular markers, samples of fungus from colonies of Trachymyrmex arizonensis and
Trachymyrmex pomonae were collected and sequenced from southeastern Arizona
using traditional barcode markers (ITS) and genome-wide single nucleotide
polymorphisms (SNPs). Since T. arizonensis has also been known to grow fungus from
leafcutter ants in the Chiricahua Mountains in Arizona, surveys were conducted in this
area to find other instances of this behavior; however, this was not observed. According
to fungal ITS sequences of T. arizonensis and T. pomonae, the fungi of these species fall
into the same large clade as other fungi associated with the Trachymyrmex genus. The
SNP dataset, on the other hand, indicated that each species of ant grew its own
subclade of ant fungi with only one colony (out of fourteen) of T. arizonensis growing a
fungus that was otherwise associated with T. pomonae. As a result, there appears to be
a pattern of codivergence between Trachymyrmex ant species and their fungal cultivars
that may suggest the possibility of cryptic speciation for fungi that has not otherwise
been detected with conventional markers, and fungal sharing across species may be
less prevalent than previously suspected.

vii

Chapter One
Introduction
Mutualisms
Ecological relationships that are beneficial to both partners involved are known
as mutualisms. Since symbiosis refers to relationships in which involved species are in
persistent or continuous contact, some mutualisms are also classified as symbiotic
relationships (Bronstein 2009, 2015). In evolutionary and ecological contexts, the
importance of mutualisms is well-recognized (Bronstein 2001; Douglas 2010).
Coevolutionary patterns between species involved in symbiotic mutualisms emerge as a
result of reciprocal, positive interactions over time (Bronstein 2009; Douglas 2010).
Mutualisms are prevalent throughout ecological systems, and they are distributed among
and between diverse taxa (Bronstein 2001; Machado et al. 2005). Much of the prolific
nature of biological life can be attributed to mutualisms; generally, mutualistic
interactions contribute to increased levels of fitness for the species involved (Ness and
Bronstein 2004). However, there is a lack in understanding of specific factors that
promote the evolution and continuation of mutualistic interactions (Bronstein 2001, 2009;
Hillesland 2018). Persistence of mutualisms is contingent upon cooperation between
symbionts that must be maintained and perpetuated over evolutionary time (Bronstein
2009; Hillesland 2018).
An important component in the continuation of host-symbiont association is
symbiont transmission among and between members of the host species (Drown et al.
2013). This is especially requisite in the case of an obligate mutualism wherein neither
species of the partnership can survive in the absence of the other (Drown et al. 2013).
There are two modes of transmission through which symbionts can be obtained by the
host: vertical and horizontal. Vertical transmission occurs when a host directly acquires
its symbionts from its parent(s) (Drown et al. 2013). In horizontal transmission, hosts
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acquire their symbionts from their environment (Drown et al. 2013). Generally, vertical
transmission of a symbiont provides a more reliable potential fitness, whereas horizontal
transmission introduces the possibility for a host to partner with a symbiont that does not
produce a balanced mutualism. Vertically transmitted mutualisms establish partner
fidelity feedback where the success of the parent’s ability to produce offspring and pass
down the symbiont lineage is a testament to the success of that mutualistic interaction
(Shapiro and Turner 2014).
Host-symbiont relationships are shaped over time by reciprocal evolutionary
changes, but their phylogenetic patterns may not mirror one another directly (Charleston
and Perkins 2006). The degree of reciprocal adaptation between mutualistic partners
may be variable across geographic space, environmental conditions, and ecological
context (Gomulkiewicz et al. 2003).

Specificity versus generality
There are varying degrees of specificity in mutualistic relationships (Chaston and
Goodrich-Blair 2010). Specificity in this context refers to the restricted association of one
or both of the partners within a symbiotic relationship (Cafaro et al. 2011). A low degree
of specificity is indicated by low partner fidelity (i.e., a species that partners with a variety
of symbionts) (Cafaro et al. 2011). A high degree of specificity is a result of the
association of a species with a specific symbiont (either a clade or species) (Cafaro et al.
2011). The specificity of mutualistic interactions between symbionts is often asymmetric,
where one of the species participating in the mutualism exhibits a greater degree of
specialization than its more generalist partner (Bronstein 2009). In the case of
mutualistic interactions, symbiotic partners can exhibit frequent transitions between
specialization and generalization over evolutionary time (Bronstein 2009; Douglas 2010).
The continuation of obligate symbiotic systems depends in part on the parental
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effects that determine the means of transmission of symbiotic partners (Padilla-Gamiño
et al. 2012). While vertical transmission of a successful symbiotic partner can improve
the likelihood that offspring will survive in an environmental context that is similar to that
of its parents, the ability to adopt novel symbiotic partners through horizontal
transmission may be advantageous (Byler et al. 2013). Flexibility to switch symbionts
may afford an adaptive advantage by allowing species to utilize a diverse selection of
partners with different genotypic compositions (LaJeunesse et al. 2008; Silverstein et al.
2012; Byler et al. 2013). Environmental factors may influence the host-symbiont dynamic
in terms of specificity (Rosic et al. 2015). Influences of global climate change, human
land use, and other sources of dramatic environmental change may favor hosts and
symbionts that have a lower mutualistic fidelity to a specific partner if conditions become
inhabitable to one or more of the partners. The ability to switch comfortably, or at least
the capacity to manage a non-specific partner, can increase fitness for a host or a
symbiont in the event that their original partner is no longer available (Silverstein et al.
2012; Andrews and Andrews 2017). Investigating how obligate mutualisms may shift
between specificity and generality is important for predicting how symbioses may
change over evolutionary time.

Fungus-gardening ants: a model system of host-symbiont specificity
Fungus-gardening ants (tribe Attini) are an excellent model system for examining
host-symbiont specificity because both the mutualism is obligate and macroscopic
(Gerardo et al. 2006; Seal et al. 2012, 2015; Kellner et al. 2013; Sosa-Calvo et al. 2019).
Understanding host-symbiont specificity is important for examining how mutualisms
evolve and are maintained over time. Fungus-gardening ants (tribe: Attini) are engaged
in an obligate mutualism with their fungal cultivars. Higher-attine ant genera include
leafcutter and non-leafcutter species of fungus-gardening ants. Fungus-gardening ants
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cultivate fungus by growing it on a substrate of organic matter collected from the
environment. Non-leafcutter higher attines (such as Trachymyrmex), use vegetation and
organic detritus as their fungiculture substrates (Sosa-Calvo et al. 2019). While they do
not use freshly cut plant material like their leafcutting relatives, non-leafcutter ants can
break apart softer plant materials for their fungal gardens (Mueller et al. 2018; SosaCalvo et al. 2019). Fungal symbionts are vertically transmitted intergenerationally; new
queens found their fungal gardens by using an inoculum of mycelium taken from their
maternal colony and stored in an infrabuccal pocket, resulting in a clonal propagation of
matrilineally-derived fungus (Gerardo et al. 2006; Schultz and Brady 2008; Kellner et al.
2013; Schultz et al. 2015; Sosa-Calvo et al. 2018).
Previous research on fungus-gardening ants suggests that the 50-million-year
coevolutionary history between ants and their fungal cultivars has led to broad symbiont
fidelity such that lineages of ants are associated with specific lineages of fungi (diffuse
coevolution) (Wetterer et al. 1998; Gerardo et al. 2006; Nygaard et al. 2016; Smith et al.
2018). The major cophylogenetic history between attine genera and their fungi has been
well-studied (Nygaard et al. 2016; Mueller et al. 2018; Smith et al. 2018; Sosa-Calvo et
al. 2019); however, not much is known about intraspecific patterns of host-symbiont
specificity (Mueller et al. 2018).

Fungus-gardening ants and their fungal cultivars
Fungi associated with higher-attine ants form two clades: Clade-A and Clade-B.
Fungi in Clade-A have been formally described (Leucocoprinus gongylophorus) (formerly
called leafcutter fungi) since they were originally thought to be grown exclusively by
leafcutter ant species (Atta and Acromyrmex) (Mueller et al. 2017, 2018). However,
some South American leafcutter ant species also appear to cultivate Clade-B fungi, and
some species of non-leafcutting ants in the genus Trachymyrmex grow Clade A or Clade
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B (Mueller et al. 2018). In general, the fidelity between the major clades of higher attine
ants is somewhat incongruent with the major lineages of their fungi (Mueller et al. 2018;
Solomon et al. 2019). Clade-B fungi comprises a diverse group of at least 4 major
lineages (or ‘phylotypes’) classified as Leucocoprinus sp., but it is currently not broken
down into more defined species (Mueller et al. 2018; Luiso et al. 2020). Luiso et al.
(2020) tentatively described the major radiations of Clade B fungi grown by
Trachymyrmex ants as Phylogroup 1, Clade B2, Blade B3, Clade B4, and Clade B5 (Fig.
1 in Luiso et al. 2020).
Currently, there are 9 described species of Trachymyrmex, although more are
likely but undescribed (Solomon et al. 2019). Trachymyrmex species have been shown
to grow fungi predominantly within Clade B, but they are capable of cultivating fungi from
either Clade A or Clade B. In previous laboratory experiments, Trachymyrmex that were
given Clade-A fungi had variable success with Clade-A cultivation. Some were able to
grow and maintain gardens of Clade-A fungi for years, some were successful for a short
period of time but ultimately failed, and some were unable to cultivate and maintain
Clade-A fungi at all (Seal and Tschinkel 2007; Seal and Mueller 2014; Seal et al. 2014).
In nature, Trachymyrmex species that garden Clade-B fungi are more prevalent than
those that garden Clade-A fungi (Mueller et al. 2018).
Ant-fungus specificity may vary between the following, as visualized in Figure 1:
a. one-to-one relationships between host and symbiont; b. complete symbiont sharing;
or c. a combination of the two (Mueller et al. 2017, 2018). The obligatory nature of the
mutualism between ants and their fungi and the vertical matrilineal inheritance of fungus
suggests a high degree of host-symbiont fidelity (Schultz and Brady 2008; Schultz et al.
2015; Sosa-Calvo et al. 2018). However, genetic evidence suggests that the coevolution
between these ants and fungi may not necessarily be one-to-one; rather, it may be
diffuse, or many-to-one, coevolution (Gerardo et al. 2006; Mikheyev et al. 2006, 2007;
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Kellner et al. 2013; Schultz et al. 2015; Mueller et al. 2018). Higher attine leafcutter ants
(Atta and Acromyrmex) and non-leafcutting genera (Sericomyrmex and Trachymyrmex)
were originally thought to grow distinct fungal lineages (Nygaard et al. 2016), Clade A
and Clade B respectively (Mueller et al. 2018). However, it has been shown that
extensive interspecific symbiont sharing exists in many higher attine species such that
some non-leafcutters grow Clade-A fungi and, conversely, some leafcutters grow CladeB fungi (Mueller et al. 2018). Additionally, several species of Trachymyrmex from North
America, South America garden fungus sort into Clade B4, suggesting the possibility of
symbiont sharing among their associated ant species (Luiso et al. 2020). Understanding
the extent of fidelity or lack thereof among ants and their fungi is necessary to determine
which factors promote or inhibit the success of this mutualism (Mehdiabadi et al. 2012).

Potential of Clade-A symbiont sharing
Trachymyrmex arizonensis garden fungus predominantly sort into Clade B4
(Luiso et al. 2020). However, in addition to Clade-B4 fungi, T. arizonensis are also known
to grow Clade-A fungi (Rabeling et al. 2007; Seal et al. 2014; Mueller et al. 2018). T.
arizonensis with Clade-A fungi have been reported in the Chiricahua Mountains of
southeastern Arizona, although observations are limited (Mueller et al. 2018). Additional
exploration of this geographic area is important for understanding the extent to which T.
arizonensis gardens Clade-A fungi. This will contribute to a greater understanding of the
prevalence and possibility of symbiont sharing in fungus-gardening ants.

Genetic markers
Previous research investigating the interspecific evolutionary relationships
between ant colonies and their fungal cultivars has been hindered by the limits of
barcoding gene variability. For example, the nuclear ribosomal (rDNA) gene region
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internal transcribed spacer (ITS) is typically used to genotype fungi (White et al. 1990;
Mueller 1998). A recent biogeographic analysis indicated that Trachymyrmex arizonensis
and Trachymyrmex pomonae grow the same ITS genotype of “Clade B4” fungi, which is
also grown by the eastern species Trachymyrmex septentrionalis and Mycetomoellerius
turrifex (Luiso et al. 2020). Moreover, most of the ITS Clade B4 sequences grown by
these four species were nearly identical with those grown by distantly related ants in
Brazil (Luiso et al. 2020). The wide-spread, trans-species distribution of Clade-B4 fungi
is an interesting topic of study because higher attine fungi are known to be spread via
vertical, matrilineal transmission (Gerardo et al. 2006; Schultz and Brady 2008; Kellner
et al. 2013; Schultz et al. 2015; Sosa-Calvo et al. 2018). Consequently, there could be
cryptic variation that could be unmasked by more powerful genetic markers that could
help understand the divergence patterns, specificity, extent of host switching and
symbiont sharing in the higher Attini (Mikheyev et al. 2006; Nygaard et al. 2016). The
validity of ITS as an appropriate marker gene for these fungi should be investigated
since studies of other organisms have suggested that single marker genes can be
insufficient, especially where cryptic speciation may be a possibility (Badotti et al. 2017).
Although microsatellites (short tandem repeats) were developed for leaf-cutting
ant fungus (Leucoagaricus gongylophorus) (Scott et al. 2009) and have been used
extensively to document intraspecific patterns of fungal diversity across geographic
scales (Mueller et al. 2011; Smith et al. 2019), they do not readily amplify in fungi grown
by North American Trachymyrmex or Mycetomoellerius ants (JN Seal, unpublished
data). While genomic tools have been used to develop more powerful markers (e.g.,
SNPs (single nucleotide polymorphisms) this has not happened so far with ant fungi
since the ant fungi are highly polyploid (Kooij et al. 2015; Nygaard et al. 2016). Singlenucleotide polymorphisms (SNPs) are nucleotide positions that show variation across
genomes of organisms being studied (Leaché and Oaks 2017). SNPs are abundant and
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widely distributed across the genome, making them useful in investigations of deep
evolutionary timescales (Leaché and Oaks 2017). The unusual genetics of higher attine
fungi (polyploidy) present unique challenges for the development of genome-scale
analyses.
Conventional marker genes (or barcoding genes) that are used to describe ants
and fungi are limited in their resolution. Genome-wide SNP analysis can provide more
details on variation between individuals than barcoding genes. Since conventional
markers of fungus-gardening ants and their fungal cultivar lack variation, exploration of
SNP data was needed to determine if these particular conventional markers are reliable
in their indication of similarity or if other parts of the genome would be more useful for
elucidating patterns of variation.

Cophylogenetic analysis: test of coevolution
Cophylogenetic analyses investigate the relationship that two or more
phylogenetic trees of linked taxa have with one another (Charleston and Perkins 2006).
Cophylogenetic analyses were used to examine the extent of the coevolutionary
relationship between ants and their associated fungal cultivars (Wetterer et al. 1998;
Mikheyev et al. 2007; Urbini et al. 2016; Solomon et al. 2019). Cophylogenies can
demonstrate where ant radiation appears to coincide with the subclades in the fungal
phylogeny. Ant radiations that are associated with fungal clade switches would suggest
coevolutionary patterns. The absence of a discernable radiative pattern in the ant
phylogenies would suggest that the host switches are more recent. Ant-fungi
cophylogenies were used to examine whether these clade distributions are associated
with ant radiations (which would suggest coevolution); absence of a rigorous association
between ant and fungal radiations would suggest more recent host-switching events.
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Aims
This research project had three main objectives related to specificity between
Trachymyrmex species and their fungal cultivars: (1) survey an area in the Chiricahua
Mountains in southeastern Arizona where T. arizonensis was reported growing Clade-A
fungi to investigate the extent to which T. arizonensis grow Clade-A fungi (Mueller et al.
2018); (2) collect colonies of T. arizonensis and T. pomonae within the same geographic
region and compare conventional barcoding markers to genome-wide SNP data to
investigate ant-fungal relationships and the possibility of fungal sharing between these
two co-occurring ant species; and (3) test models of coevolution between T. arizonensis
and T. pomonae. Three potential hypotheses of coevolution were considered: (a) strict
one-to-one association between Trachymyrmex species and their fungi, which could
suggest a specific coevolutionary pattern between host and symbiont, indicating the
possibility of cryptic speciation for fungi (Figure 1a), or (b) no cophylogenetic association
between colonies of Trachymyrmex and fungi (Figure 1b), which could suggest a highly
relaxed of diffuse coevolutionary affiliation as suggested by Mikheyev et al. (2007). A
clade of ant colonies that display a variety of fungal strains from different clades would
suggest low-fidelity mutualism and higher rates of partner-switching (through
mechanisms of horizontal transfer) (Figure 1b). It is possible that the outcome of ant host
and fungal symbiont specificity will be (c) a combination of an intermediate of the results
from Hypothesis I (a) and Hypothesis II (b) (Figure 1c), which would suggest a greater
frequency of vertical transmission yet with significant horizontal exchange.
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Chapter Two
Methods
Study species
This project focused on two North American non-leafcutter higher-attine ant
species: Trachymyrmex arizonensis, which is found in central and southern Arizona,
western New Mexico, and the Mexican states of Chihuahua and Sonora (Rabeling et al.
2007); and Trachymyrmex pomonae, which is likely sympatric with T. arizonensis in
southern Arizona and northern Mexico (Rabeling et al. 2007).

Study areas
Areas near the Southwestern Research Station (SWRS) near Portal, Arizona,
were surveyed for T. arizonensis and T. pomonae colonies in both 2018 and 2019. In the
2018 field season, we searched for and collected colonies between July 12th, 2018, and
July 21st, 2018. In the 2019 field season, we searched and collected colonies from July
26th, 2019, to August 14th, 2019. T. arizonensis is typically found at mid-elevations
(1000–2000 m) in oak-juniper-pine woodlands (Figure 2), ocotillo (Fouquieria
splendens)- and Acacia-dominated scrub in mountain foothills (Figure 3), and mesic midelevation creek valley forests (Rabeling et al. 2007). Although distributional data is
somewhat limited, T. pomonae is relatively sympatric with T. arizonensis in woodland
habitats that are at mid elevations (Rabeling et al. 2007; Senula et al. 2019). Colonies of
T. pomonae are often found in relatively open areas of alligator juniper and emory oak
woodland with moderate groundcover over rocky soil, such as along sun-exposed ridges
Rabeling et al. (2007).
In addition to Trans-Mountain Road and Portal-Paradise Road, we searched for
T. arizonensis in several other locations. Sample locations were chosen based on areas
that appeared to have suitable habitat for T. arizonensis and potentially some habitat for
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T. pomonae. It should be noted that not all possible locations where our species of
interest may be located along these roads. Importantly, the same areas in 2019. In 2018
areas near (within approximately 2000 m) SWRS were surveyed, whereas in 2019 more
distant areas were explored (within approximately 6000 m).
Colonies were located using easily recognizable features of nest entrances. Identities
were later verified in the laboratory using the key in (Rabeling et al. 2007). T. arizonensis
nests are characterized by conspicuous masses of fungal garden detritus that workers
deposit outside of their nest entrance (Figure 4). T. pomonae nest entrances are
characterized by piles of small pebbles and stones arranged in a circle around their nest
entrance (Figure 5).

Collection of T. arizonensis and T. pomonae
Colonies were collected during the monsoon season in Arizona (July through
September). Samples of these species were collected from the Chiricahua Mountains in
the Coronado National Forest (near Portal, AZ) in 2018 and 2019. In 2018, we collected
colonies within two kilometers of the American Museum of Natural History’s
Southwestern Research Station in Cave Creek Canyon, whereas in 2019, colonies were
collected beyond this range in order to survey the diversity of ant-fungal pairings across
a broader geographic region. Colonies were non-destructively sampled by careful
excavation by lifting rocks and slowly digging through soil with spoons and trowels to
expose fungal gardens and ants (Figure 6). Samples of ca. 5-10 worker ants were
collected and preserved in 100% ethanol. DNA for genetic sequencing was later
extracted from these preserved ant specimens at University of Texas at Tyler (UT-Tyler).
Live ants and fungus (colony fragments) were also collected in the field and kept in nest
boxes with plaster substrate (for moisture retention) before bringing to the lab at the
SWRS facility. Colony fragments were transported back to UT-Tyler. Colony fragments
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were carefully maintained so that the fungi from each colony could be cultured on plates
of potato dextrose agar (PDA); fungus was kept long-term on plates for later sequencing
analysis. Live fungus was needed to obtain DNA extracts of fungal samples.

Conventional marker gene sequencing
Sequencing conventional marker genes in ants and fungi
Conventional marker genes from ants and fungi were sequenced via Sanger
sequencing. There were 75 colonies analyzed in total, 65 T. arizonensis and 10 T.
pomonae, which included samples from 2018 and 2019. A subset of this conventional
marker gene sequence data (20 colonies total, 14 T. arizonensis and 6 T. pomonae, from
2018) was separated out into a smaller dataset for later comparison with SNP data
(those same 20 samples were used in SNP analysis, so this subset of conventional
marker gene sequences was needed for direct comparison with SNP data).

DNA extraction from ants
Genomic DNA was extracted from ant workers that were preserved in
microcentrifuge tubes kept at -20ºC containing 95% ethanol. DNA was extracted from
adult workers using Qiagen (Venlo, Netherlands) QiAamp DNA Micro Kit (cat. 56304).
For each DNA extraction, a single ant was used. Abdomens from ants were removed,
and the head, thorax, and legs were pulverized in a microcentrifuge tube using a plastic
pestle. The DNA was extracted using the kit protocol for genomic DNA extraction from
tissue with slight modification. Rather than adding AL buffer to the sample and then
adding ethanol, AL buffer was added to 100% ethanol, and this mixture was added to the
samples. The rest of the protocol was performed as directed in the kit manual. Samples
were eluted in ddH2O and stored at -20ºC.

12

DNA extraction from fungi
Fungal DNA extraction for conventional marker gene sequencing of ITS was
performed by Sigma-Aldrich (St. Louis, Missouri, USA) Chelex® resin (cat. C7901)
extraction of gongylidia (swollen hyphal tips) from living fungal samples (Rodrigues et
al. 2011; Kellner et al. 2013; Mueller et al. 2018). Gongylidia were collected from pieces
of fungal gardens using sterile techniques and submerged into the Chelex beads of a
20% Chelex solution (prepared with 40µL of Chelex beads and 160 µL ddH2O). Samples
were vortexed, centrifuged, and heated in a thermocycler (60ºC for 90 minutes, then
99ºC for 15 minutes). Then supernatant (which is the extract) was removed and
deposited in another tube for storage. This extract was used to make 1:10 dilutions of
extract:ddH2O for PCRs.

PCRs and DNA gene sequencing
Genes from both ants and fungi samples were PCR-amplified and sequenced
(Sanger). For both T. arizonensis, and T. pomonae, the three nuclear genes elongation
factor 1-alpha-F1 (Ef1a-F1), and long-wavelength rhodopsin (LW Rh), and wingless
(Wg) were sequenced (Sosa-Calvo et al. 2019). The forward primer for Ef1a-F1 used
was U52.1 F1-1109F (5’- CCG CTT CAG GAT GTC TAT AA - 3’) and the reverse primer
was L53 F1-1550R (5’- CCG CGT CTC AGT TCYT TTAC - 3’) (Schultz and Brady 2008).
The forward primer for LW Rh was LR143F (5’- GAC AAA GTK CCA CCR GAR ATG CT
- 3’) and the reverse primer was LR639ER (5’ - YTTAC CG RTT CCA TCC RAA CA - 3’)
(Ward and Downie 2005). The forward primer for Wg was Wg578F (5’ - TGC ACN GTG
AAR ACY TGC TGG ATG CG-3’) and the reverse primer was Wg1032R (5’ - AC YTC
GCA GCA CCA RTG GAA -3’) (Abouheif and Wray 2002; Ward and Downie 2005).
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For T. arizonensis and T. pomonae ants, the mitochondrial marker cytochrome c
oxidase subunit I (COI) was also sequenced to examine differences across colonies of a
species. The forward primer for COI was C1-J-2195 (alias COI-RLR) (5’- TTG ATT TTT
TGG TCA TCC AGA AGT - 3’) and the reverse primer was C2-N-3661 (alias Barbara) (5’
- CCA CAA ATT TCT GAA CAT TGA CCA - 3’) (Seal et al. 2015). The PCR protocol for
Ef1a-F1, LW Rh, and Wg was as follows: 1. initial denaturation temperature 94ºC for two
minutes, 2. 38 cycles of denaturation at 94ºC for 1 minute, annealing at 55ºC for 1
minute, and elongation at 68ºC for two minutes, then 3. extension at 72ºC for five
minutes. The PCR protocol for COI is as follows: 1. initial denaturation temperature 94ºC
for two minutes, 2. 38 cycles of denaturation at 94ºC for 1 minute, annealing at 50ºC for
1 minute, and elongation at 68ºC for two minutes, then 3. extension at 72ºC for five
minutes. The PCR protocol for ITS is as follows: 1. initial denaturation temperature 94ºC
for two minutes, 2. 35 cycles of denaturation at 94ºC for 1 minute, annealing at 51.5ºC
for 1 minute, and elongation at 72ºC for two minutes, then 3. extension at 72ºC for five
minutes. For fungus, the ribosomal gene fragment internal transcribed spacer (ITS)
rDNA region was amplified via PCR (Kellner et al. 2013; Solomon et al. 2019). The
forward primer used was ITS5 (5’ - GGA AGT AAA AGT CGT AAC AAG G - 3’) and the
reverse primer used was ITS4 (5’ - TCC TCC GCT TAT TGA TAT GC - 3’) cytochrome
(Mueller et al. 1998). All PCR products were sent to the DNA Sequencing Facility (DSF)
at the University of Texas at Austin (UT-Austin) for Sanger sequencing.

Multiple sequence alignment
Sequences of Ef1a-F1, LW Rh, Wg, and COI were obtained from DSF at UTAustin in the form of chromatogram files which were quality checked using
chromatogram viewing software 4peaks (nucleobytes.com) and BioEdit (nucleics.com).
Sequences were exported as FASTA files for multiple sequence alignment. Conventional
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marker gene sequence data from fungus and ant genes were aligned using MUSCLE
alignment in MEGA version X (Tamura et al. 2013). Alignments were trimmed at both
ends. Alignment files for each gene (with an Atta outgroup included; see Figure S6 for
GenBank Atta sequences that were used) were exported from MEGA X, and genes were
concatenated using the concatenation operation in SEDA. SEDA is a lightweight
program with a simple GUI that can manipulate and batch-process operations in textbased files (sing-group.org). COI, Ef1a-F1, LW Rh, and Wg were all concatenated for
use in phylogenetic reconstructions.

SNP analysis
Identifying sites of variation with genome-wide SNP analysis
To identify additional sites of variation within Trachymyrmex ants, whole genome
genotyping (GBS) was used to identify genome-wide SNPs in both ants and fungi.
Whole-genome genotyping to identify SNPs was performed on 20 colonies (14 T.
arizonensis and 6 T. pomonae) that were collected near the Southwestern Research
Station in the Chiricahua Mountains of southeastern Arizona in 2018.

DNA extraction from ants
For ants, QiAamp DNA Micro Kit (cat. 56304) was used to extract DNA in the
same manner as DNA extraction for Sanger sequencing, but with AE buffer as the
eluting liquid rather than ddH2O.

DNA extraction from fungi
Fungus gardens naturally contain DNA from other sources such as bacteria and
microfungi that also reside in the garden, thus obtaining pure cultures of the garden
fungus prior to DNA extraction is crucial (Ishak et al. 2011; Rodrigues et al. 2011).
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Initially, fungus was picked from the garden and placed on a PDA-media plate using
conventional sterile techniques. The fungus was allowed to grow for 1-2 weeks, with
periodic checks for contamination (Ishak et al. 2011; Rodrigues et al. 2011). Fungus on
plates that began to look pure was then sub-plated to eliminate further risks of
contamination from bacteria and microfungi (Kellner et al. 2018). DNA was extracted
from gongylidia picked from pure fungus cultures on plates using the Zymo Quick-DNA
Fungal/Bacterial MicroPrep Kit (cat. D6007).

SNP analysis reference genomes
For ant SNP analysis, Trachymyrmex septentrionalis was used as the reference
genome for T. arizonensis and T. pomonae. For fungus SNP analysis, the development
of a library and identification of SNPs involved a reference genome obtained from
genomic DNA from a fungus sample. Living, purified fungus from a T. arizonensis colony
(KB180720.3) was growing on potato dextrose agar (PDA) and sent to shipped to
SNPsaurus nextRAD & Genome GBS Library Preparation Service at the University of
Oregon in order to establish a draft genome that could be used as a reference for
identifying SNPs in the samples via genotyping by sequencing (GBS). All fungus DNA
and ant DNA samples were shipped to SNPsaurus nextRAD & Genome GBS Library
Preparation Service at the University of Oregon.

Overview of working with SNP data
SNPs were identified in genomic samples by comparing samples to a reference
genome. A site was classified as a SNP if, in a set of sampled genomes, there was at
least one sample that has a nucleotide that differed from the reference genome at a
given position. The genomic DNA of samples was compared to a reference genome; at
positions where the sample DNA differs from the reference are being identified, and all of
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those SNPs were concatenated together. In some cases, SNPs were entirely different
bases, but others were ambiguous or heterogenous. When the file was viewed in a
multiple sequence alignment (MSA) software, any base at a given position is relevant to
the bases at that given position in the other samples.
The potential for polyploidy in Leucocoprinus sp. can be accounted for in SNP
analysis by determining which contigs are particularly abundant and have high variability,
which would suggest that those particular contigs are orthologous. Those contigs can
then be omitted to eliminate variability that may be the result of high ploidy.

Phylogenetic reconstructions of ants and fungi
Conventional marker gene sequence phylogenies
IQ-Tree was used to construct trees of nuclear and mitochondrial genes (Minh et
al. 2020). For each species, ModelFinder in IQ-Tree was used to find the appropriate
substitution model for each gene (Kalyaanamoorthy et al. 2017). IQ-Tree allows for a
partition file to be specified so that different substitution rates can be applied across the
different genes of a concatenated set of genes (Chernomor et al. 2016). Models for COI,
Ef1a-F1, LW Rh, Wg, and COI were all determined in separate runs of IQ-Tree using
ModelFinder (Kalyaanamoorthy et al. 2017; Minh et al. 2020). Then, these models were
specified in a partition file and used to generate an overall tree for the concatenated
sequences (Chernomor et al. 2016). Trees were constructed using 1000 bootstrap
replicates in IQ-Tree via the ultra-fast bootstrapping method (Hoang et al. 2018).

SNP phylogenies
For SNP data sets of T. arizonensis and T. pomonae ants and associated fungi,
RAxML was used in Linux commandline (Stamatakis 2014). The overall size of the SNP
data sets (high number of base pairs) made this the most reasonable method of
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processing this data. The data sets returned from SNPsaurus nextRAD & Genome GBS
Library Preparation Service were: PHYLIP files, variant call format (.vcf) files, and text
files (with statistics). The PHYLIP files contained SNPs from all of the samples. As
previously described, a SNP occurs anywhere at least one of the samples differs from
the reference sequence. The reference sequence, however, was not included in the
PHYLIP file. The .vcf file is a record of the contigs and scaffolds used from the reference
sequence, and it contains coded information about where SNPs were identified. In some
cases, it may be of interest to use the bases at the SNP sites from the reference
genome as an outgroup. In the event that this is not readily available from the genomics
center, it is possible to extract a sequential list of all of the SNP sites and incorporate this
into the PHYLIP (or FASTA) file containing all of the SNPs from the .vcf file.
I wrote a Python script, ‘vcf_ref_extraction,’ which is available on GitHub
(github.com/kbeigel/vcf_ref_extraction). This script takes a .vcf file as input and
examines the .vcf file and extracts all of the bases from sites in the reference genome
that were identified as SNP sites. These SNPs are kept in the same order as they
appear in the .vcf (which is also the same order of SNPs in the PHYLIP file of sample
SNP data) and output into a text file. Using Mesquite (v. 3.61), the output reference file
(.txt or FASTA) was added back into the PHYLIP file (Maddison and Maddison 2019). As
a side note, this script could be tweaked to extract other information store in the .vcf file
such as counts and identities of insertions and deletions that appeared in the
sequencing process (which are not a part of the output SNP dataset).
The raxml_ascbias.py Python script (github.com/btmartin721/raxml_ascbias) was
run to evaluate the number of invariant sites and remove them. This script produces a
PHYLIP file with invariant sites removed. The script also produces a text file with the
number of invariant sites that were removed. This script was run from command line,
and its outputs of variant-only SNP data and number of removed sites were used in
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RAxML. RAxML (version 8.2.11) was used to construct phylogenies based on this
variant-only SNP data set (Stamatakis 2006, 2014).
An important feature of SNP data is that molecular models of substitution rates
do not apply. RAxML has a feature that can be used to correct for this ascertainment
bias (Stamatakis 2014). Ascertainment bias corrections are used to deal with the fact
that SNP data do not have constant sites (by definition, the sites of a SNP data det are
those that are variant) (Stamatakis 2014; Leaché and Oaks 2017). There are three
ascertainment bias correction models in RAxML: lewis, stamatakis, and felsenstein
(Stamatakis 2014). It should be noted that sites with only ambiguous characters across
the samples will be identified as invariant and removed. The counts of invariant sites are
used to reconstitute the invariant sites into the data set while improving the
computational cost and run time (Stamatakis 2014; Leaché and Oaks 2017). Rather than
working with the original data set, the ascertainment bias correction simulates the
invariant sites based on the counts of removed invariant characters either through
conditional likelihood methods (when the number of invariant sites is not known) or
through reconstituted DNA (where the number of invariant sites is known and
incorporated in the correction) (Stamatakis 2014; Leaché and Oaks 2017). Correcting
ascertainment bias is important because failing to do so can produce overestimation of
branch lengths and biased topology (Lewis 2001; Stamatakis 2014; Leaché and Oaks
2017). See supplemental materials for an outline and code of the bioinformatics pipeline
used. Genetic data is available under accession numbers MK142506-MK2538,
MW358558-MW358601 .

Cophylogenetic analysis: ParaFit
Coevolutionary relationships were examined using ParaFit analysis of ant-fungus
cophylogenies (Legendre et al. 2002). ParaFit was originally designed to examine
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potential coevolutionary patterns between hosts and their parasites, but it can also be
applied to other symbioses (Legendre et al. 2002; Sweet and Johnson 2016). In this
case, ParaFit was used to evaluate host and symbiont phylogenies against a null
hypothesis model (Legendre et al. 2002; Sweet and Johnson 2016). The ParaFit test
statistic assumes a null hypothesis of random association between host and symbiont
phylogenies; this null hypothesis assumes that the evolution of each group is
independent of the other (i.e., no coevolution has occurred) (Legendre et al. 2002;
Matthews et al. 2018). ParaFit uses a host phylogenetic tree, a symbiont phylogenetic
tree, and a matrix for host-symbiont association (Legendre et al. 2002; Matthews et al.
2018). The trees and association matrix are used to examine the level of congruence
between the host and symbiont phylogenetic trees (Legendre et al. 2002; Sweet and
Johnson 2016). This is done by calculating a ParaFit global test statistic and individual
test statistics on each host-symbiont link that evaluate whether or not the associations
between hosts and symbionts are nonrandom (Legendre et al. 2002; Matthews et al.
2018).
The ParaFit global test statistic evaluates congruence between host and symbiont
based on pairwise patristic distance matrices (generated using the cophenetic function in
ape) obtained from phylogenetic trees (Legendre et al. 2002). The global test statistic
from the host-symbiont associations is compared to a randomized version of hostsymbiont relationships, and this comparison generates a p-value based on whether the
global test statistic of host and symbiont trees is shows congruence in comparison to
randomized associations between the taxa (Legendre et al. 2002; Sweet and Johnson
2016). A significant p-value indicates that there is nonrandom association between the
host and symbiont phylogenies, which suggests coevolution between host and symbiont
(Legendre et al. 2002; Sweet and Johnson 2016). Individual links between host and
symbiont also have test statistics with associated p-values—these indicate which links
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are contributing to the overall congruence between the phylogenies and thus can
indicate specific associations that are significant (Legendre et al. 2002; Matthews et al.
2018).
ParaFit analyses were run for ants and associated fungi to examine the specificity
between ants and fungi. Maximum likelihood trees of ants and fungi were analyzed using
the R function ParaFit (from the ape package) within an R script that also plots the
cophylogenies and generates tables of p-values for host-symbiont links (available from
https://github.com/alixmatthews/cophylogenetic; this script loops multiple ParaFit runs
and adjusts p-values from these multiple runs). ParaFit was run 100 times with 999
permutations per run and the ‘lingoes’ correction method (for negative eigenvalues)
(Sweet and Johnson 2016; Matthews et al. 2018). Adjusted p-values (alpha = 0.05) for
the ParaFit global statistic and the individual statistics for host-symbiont links were
reported along with cophylogenies of ants and fungi.
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Chapter Three
Results
Collection results
In the 2018 field season, 21 T. arizonensis nests and 6 T. pomonae nests were
found between July 12th, 2018, and July 21st, 2018. In the 2019 field season, 44 T.
arizonensis and 4 T. pomonae were found over a period of about three weeks (from July
26th, 2019, to August 14th, 2019). Habitats surveyed included oak-juniper woodlands in
higher elevations along canyon and creeks and ocotillo- and Acacia-dominated areas
found in lower elevations (Figure 2, Figure 3). T. arizonensis and T. pomonae were
mostly found within 1000 m of Southwestern Research Station in 2018, and within 6000
m in 2019 (Figure 7). The total 65 colonies of T. arizonensis and 10 T. pomonae that
were sampled across both field seasons (Figure 7) were only found growing Clade-B4
fungi according to the ITS marker gene (Figure S1).

1. Survey for T. arizonensis growing Clade-A fungi
Since previous studies reported the presence of T. arizonensis growing Clade-A
fungus along Portal-Paradise Road (Figure 8, indicated in purple), this locale was
revisited in both 2018 and 2019, and the area was searched for T. arizonensis colonies
(Figure 9, indicated in purple). This landscape is best described as open ocotillo-Acacia
scrubland (Figure 3). Visitation to this area was made specifically after periods of
moderate to heavy rains, which should increase aboveground activity. Despite these
efforts, T. arizonensis was not found in this area (where T. arizonensis growing Clade-A
fungi is expected to occur (Mueller et al. 2018)) during either field season.
Additional areas were surveyed in 2019 that were not previously explored in 2018
(Figure 9, indicated in red). A section of Forest Road 42 that had not been previously
surveyed (Figure 9, indicated in light green) was explored in order to extend the
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geographic range. This segment of road is on the other side of a ridge, so it was of
interest to investigate the possible presence of T. arizonensis and T. pomonae on the
other side of this geological barrier. Despite the general suitability of this habitat
(anecdotal observations in the field), there were no observed signs of T. arizonensis or T.
pomonae. In 2019, areas near Hilltop and in Jhus Canyon were also surveyed (Figure
9); no colonies of either species were found in these areas.

2. Investigation of fungus-sharing between T. arizonensis and T. pomonae
Conventional marker gene sequencing
Fungal ITS sequences from the gardens of T. arizonensis and T. pomonae
showed variation at only a few loci, and the resulting phylogeny had limited phylogenetic
reconstruction (Figure S1). The phylogeny based on concatenated Sanger sequences of
nuclear genes (Ef1a-F1, LW Rh, and Wg) from T. arizonensis and T. pomonae ants
showed each species segregating into their own subclade (Figure S2), which was
expected as these genes vary slightly (92.33% similarity in Ef1a-F1, 98.46% similarity in
LW Rh, 96.60% similarity in Wg) between species. T. arizonensis COI sequence
chromatograms contained unexpected smaller peaks between the “main” peaks within
the alignment, making their interpretation difficult (see Appendix notes on COI).
However, this pattern was consistent across all COI sequences, and COI did not appear
to be variable for T. arizonensis in general based on the chromatograms. COI sequences
were not included in subsequent analyses.

Comparison of fungus phylogenies
For the fungus phylogeny based on ITS sequences, the separation between T.
arizonensis-associated fungi and T. pomonae fungi was not clear, and the phylogeny
was poorly resolved (Figure S1). Phylogenetic trees based on SNP data showed
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separation between fungi from T. arizonensis and fungi from T. pomonae, with the
exception of one T. arizonensis sample (KB180715.1) that falls within the “subclade” of
T. pomonae (Figure S3). The phylogeny of fungus SNPs was well-resolved, with the
sorting of fungus into clades based on associated ant species (Figure S3), while the
conventional marker data produced a phylogeny with low bootstrap supports and no
distinction between the fungi based on ant species association (Figure S1).

Comparison of ant phylogenies
For both the conventional marker gene data and the SNP data, resulting
phylogenies showed separation into clades based on species with high bootstrap
support (Figure S2, Figure S4). However, within these clades, the phylogenies were not
well-resolved intraspecifically, especially for T. arizonensis (Figure S2, Figure S4).

3. Testing models of coevolution between T. arizonensis and T. pomonae
ParaFit analysis of conventional marker gene phylogenies
The data set of concatenated nuclear genes of all T. arizonensis and T. pomonae
ants and associated fungi resulted in a phylogeny that did not show many significant
relationships between ant and fungal cultivar (Figure 10). For T. arizonensis and T.
pomonae ParaFit analysis, the overall ParaFit global test statistic was not significant
(ParaFit global test statistic = 1.63e-7, p = 0.121). There were six (out of 75) hostsymbiont associations that appeared to be significant (p < 0.05) (Figure 10, Table 1).
Five of these were T. pomonae (CR190814.2, JNS180714.2, KB180717.1, KB180716.2,
and KB190727.2), and one of them was T. arizonensis (CR190807.1) (Figure 10).

Subset of conventional marker gene dataset to parallel SNP dataset
To better compare conventional marker gene sequencing results with the SNP
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data, a ParaFit analysis was also run for the sequences of the subset of conventional
marker gene sequences that were used in the SNP analysis (Figure 11, Table 2). In the
cophylogeny based on the subset of conventional marker gene sequences, there were
no links that were determined to be significant for T. arizonensis or T. pomonae. The
ParaFit test showed that the relationships between ants and fungi was not significant
when compared to randomized associations (ParaFit global test statistic = 2.21e-8, p =
0.24). The three colonies (JNS180714.2, KB180717.1, and KB180716.2) that had
significant links in the ParaFit analysis of all 75 T. arizonensis and T. pomonae samples
did not have significant links between ant and fungus in a ParaFit analysis of the subset
of conventional marker gene sequence data phylogenies (Figure 11). These three
colonies did, however, have significant links for coevolution in the SNP ParaFit analysis
(Figure 12).

ParaFit analysis of SNP-based phylogenies
All links between ants and fungi except for KB180715.1 were significant in the
ParaFit analysis of SNP-based phylogenies (Figure 12, Table 3). For analysis of SNPbased phylogenies of ants and fungi, the ParaFit analysis suggested that the
associations between the ant phylogeny and the fungus phylogeny were nonrandom and
that there was significant congruence between the phylogenies (ParaFit global test
statistic = 2.09, p = 0.001). Three of the T. pomonae colonies with significant links (p <
0.01) (Figure 12, Table 3) were also colonies that had significant links for coevolution in
the ParaFit analysis for conventional marker gene phylogenies of all T. arizonensis and
T. pomonae samples (JNS180714.2, KB180717.1, and KB180716.2) (p < 0.05) (Figure
10, Table 1).
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ParaFit analyses of conventional marker gene- vs. SNP-based phylogenies
While nuclear markers together may have been enough genetic information to
suggest the possibility of coevolution in ParaFit for some samples (CR190814.2,
JNS180714.2, KB180716.2, KB180717.1, and KB190727.2) (Figure 10, Table 1), these
significant links for coevolution between fungus and ant were only evident with a large
number of samples (n = 75). In the cophylogeny based on the subset of conventional
marker genes, these links and patterns were not evident (Figure 11, Table 2). While
ParaFit analysis of the phylogeny of the subset of samples based on conventional
marker gene sequences did not show significant links for coevolution between ants and
fungi, analysis of the same samples based on phylogenies constructed from SNP data
showed all but one of the ant-fungus relationships to be significant (Figure 12). For 19
out of the 20 colonies sampled for SNP analysis, the individual ParaFit test statistics
suggested that coevolution was occurring between ants and their fungal cultivars, which
contributed to the significant (p = 0.001) ParaFit global test statistic for the ant and
fungus phylogenies (Figure 12, Table 3. ParaFit p-value means for each ant-fungus link
in Figure 12. For the conventional marker gene data of these same colonies, there were
no significant links that suggested coevolution between ants and their fungus (Table 2).
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Chapter Four
Discussion
T. arizonensis and T. pomonae fungi
Previously, T. arizonensis and T. pomonae appeared to share fungal cultivars that
fell within Clade B4 and showed only slight variation (approximately 98% similarity) in
fungal ITS (K Beigel and JN Seal, unpublished data; Luiso et al. 2020). However, the
fungal samples reported by Luiso et al. (2020) were limited in number, and ParaFit
analysis of a phylogeny of T. arizonensis and T. pomonae fungi based on fungal ITS and
ant nuclear markers showed the absence of coevolution (Figure 11). Here, a much larger
sample size may have mitigated this issue marginally, such that a few of the links
between ants and their fungi were significant (p < 0.05) for coevolution (Figure 10), but it
is also difficult to discern if the sampling bias toward T. arizonensis may have influenced
this outcome since coevolution tests were not significant with a decreased number of
samples. It is also possible that the broader geographic sample range aided in
expanding the possible genotypes of ants and fungi. When limitation on breadth of
sampling is of concern, it may be more feasible to use SNP analyses, as phylogenetic
reconstruction and ParaFit analyses of conventional genetic markers may severely
underestimate the potential coevolutionary relationship between ants and fungi.
Despite surveying the area around where T. arizonensis had been previously
reported growing Clade-A fungi (Mueller et al. 2018), no T. arizonensis were found in this
area whatsoever. It is possible that T. arizonensis in this ocotillo- and Acacia-dominated
scrubland area activity aboveground is temporally inconsistent with activity in other
areas; perhaps conspicuous activity is slightly later or earlier in the year or requires more
rain further into the monsoon season. Additional surveying of this area is needed to
understand the specific influences that prevented discovery of T. arizonensis in an area
where they were previously reported. T. arizonensis was also not found growing Clade-A
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fungi in any other location—this suggests that sharing of Clade-A fungi within T.
arizonensis may be geographically limited to previously described areas, or that
horizontal fungus-switching across fungal clades is a rare event (Mueller et al. 2018).

Cophylogenetic comparisons
Although a ParaFit test of a large number of samples did show some ant-fungus
links that were significant, this is likely an underestimation based on the comparison of
the SNP ParaFit analysis and the ParaFit analysis on the subset of conventional marker
gene sequence data. The ant-fungus links that were significant for coevolution were
predominantly T. pomonae and their fungi; however, not all T. pomonae had links
significant for coevolution with their fungi—only 5 out of 10 were significant in a ParaFit
test of all samples collected between 2018 and 2019. Three of those were also used in
the SNP analysis, where their links were also significant, but these links did not appear
significant in the SNP-matched subset of conventional marker gene sequence data
dataset. It is possible that the smaller number of T. pomonae samples (n = 10) compared
to T. arizonensis (n = 65) contributed to this outcome.
An important advantage of utilizing SNPs for cophylogenetic analysis of
mutualistic relationships is the increase the sampling depth across the genome which
provides substantially more sites of variation. Identification of SNPs across the genome
can lead to the development of new, more useful markers in a target species. The
resulting phylogenetic analyses suggest the need for non-ITS methods of genotyping
fungal cultivars of some Trachymyrmex species in North America, especially with limited
data sets over a narrow geographic range. SNP data provides a greater phylogenetic
resolution than conventional barcoding markers that are used for fungus-gardening ants
and their fungal cultivars (Schultz and Brady 2008; Sosa-Calvo et al. 2019) This
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suggests that SNP data could be useful for elucidating host-symbiont coevolution
between ants and fungi that may not be apparent with the use of conventional markers.

Coevolutionary patterns
While previous research suggested that symbiont sharing among ants appeared
to be extensive (based on fungal ITS sequences that all fell within Clade B4) (Luiso et al.
2020), results presented here provide evidence that conventional barcoding genes are
lacking in variation and underestimating instances of coevolution between ants and fungi
in populations of T. arizonensis and T. pomonae. Occasional acquisitions of novel fungi
via horizontal transmission may be possible (Mikheyev et al. 2010), but SNP-based
analyses suggests that these events are rather rare and that there may be radiative
patterns between ants and fungi, such that species of ants are coevolving with lineages
or strains of fungi. Although additional T. arizonensis colonies gardening Clade A fungi
were not found, as previously reported by Mueller et al. (2018), the discovery of T.
arizonensis gardening fungi that appear to be associated with T. pomonae fungus
suggests that T. arizonensis can acquire and perhaps successfully garden novel fungi
from other species, as proposed by other studies (Green et al. 2002; Mueller et al. 2004;
Mikheyev et al. 2006, 2007, 2008).
There is a contradiction between cophylogenetic analyses based on conventional
marker gene sequence data versus those based on SNP data, which results in opposing
outlooks on host-symbiont specificity and the extent of fungal sharing in fungusgardening ants. Conventional marker gene sequence data suggests that there is
widespread sharing and horizontal symbiont transmission among ants. Cophylogenetic
analysis based on conventional marker gene sequences reflect recent investigations of
relaxed host-symbiont specificity (Mikheyev et al. 2010). However, the SNP-based
approach presented here suggests that the relationships between species T. arizonensis
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and T. pomonae ants and their fungi are more one-to-one (Figure 1a) rather than
exhibiting highly diffuse coevolution (Figure 2b); this is more in line with earlier views of
ant-fungal relationships which suggested that associations were more one-to-one
(Chapela et al. 1995; Mueller 1998). The single non-significant link in the ParaFit
analysis of SNP data suggests the possibility of sharing between these two species,
such that there appears to be a mixture of coevolution and symbiont sharing (Figure 3c)
between these species, but further SNP analysis of additional samples would be needed
to examine the extent of this possibility. The disparity between conventional marker gene
data and SNP data is likely due to the resolution of the sampling method (single
barcoding genes versus genome-wide variation, respectively. Barcoding genes are
useful for distinguishing between species and may show some differences when
attempting to compare genotypes, but they may be ineffective in systems where cryptic
speciation is a possibility (Badotti et al. 2017). The results presented here support this
idea by demonstrating the presence of variation in SNPs despite the absence of notable
variation in conventional markers.
Switching to new fungal cultivars may also provide the opportunity for speciation
(Schultz et al. 2002; Mehdiabadi et al. 2012). Separation of fungus into distinct clades of
and T. pomonae-associated fungus and a T. arizonensis-associated based on SNP data
from T. arizonensis and T. pomonae may suggest the possibility of cryptic speciation for
fungi, but sampling more of the geographic range of these species is needed to observe
whether their cultivation of certain fungus lineages is consistent across a broader area
(Schultz et al. 2002; Mehdiabadi et al. 2012).
Although SNP sample size was somewhat small, 95% of ant sequences were
congruent with fungal sequences (Schultz et al. 2002; Mehdiabadi et al. 2012). Even
within a limited geographic range, variation in genome-wide SNPs of fungi and ants was
substantial enough to show significant codivergence between ants and fungi. Vertical
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transmission of fungi among ants as well as the long-standing relationship between
fungus-growing ants and their cultivars can provide the opportunity for codivergence,
although it appears that such coevolutionary patterns cannot be observed with
conventional barcoding genes. Resolution provided by genome-wide SNP data, on the
other hand, shows that codivergence between colonies of ants and lineages of fungi has
occurred and may be contributing to potential cryptic speciation of T. arizonensis and T.
pomonae fungal cultivars.
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Chapter 5
Natural History Note
New record of wasp parasitoids on Trachymyrmex arizonensis
Some fungus-gardening ants have been known to serve as host for other
parasitoid insects. The genus Cyphomyrmex, for example, is widespread and diverse,
and its larvae are attacked by at least two known genera of diapriine wasps (FernándezMarín et al. 2006). Trachymyrmex cf. zeteki has also been reported with diapriine wasps
in a Panamanian population of the ants (Pérez-Ortega et al. 2010). Not much is known
about the overall biology of parasitoid wasps on fungus-growing ants, and the extent of
parasitoid activity across other genera of fungus-gardening ants is not known. However,
it is suspected that many undescribed species of parasitoid wasps that are specialized
on ants exist (Masner 2002).
While T. arizonensis nests have been known to house a commensalist ant
species (known as Strumigenys arizonica) (Gray et al. 2018), there has not yet been a
report of parasitoid activity on T. arizonensis. In three colonies collected in 2019 from
SWRS (CR190804.2, KB190810.1, and CR190814.1), there were ant larvae that were
gray in appearance (in contrast to the normal white color of eggs and larvae of the ants)
(Figure 13, Figure 14). Parasitized brood were observed under the microscope, and their
cuticles had unusual coloration (Figure 15, Figure 16). This observation seems to be
consistent with visual observations of parasitized larvae of Cyphomyrmex reported by
Fernández-Marín et al. (2006), where the cuticles of parasitized brood appeared gray or
black.
Adult T. arizonensis seemed to treat the unusual larvae with the same care as
they do their actual brood (Figure 13). When we cleaned their nests boxes, T.
arizonensis workers would engage in behaviors attempting to protect their brood (e.g.,
picking up brood and moving them, trying to escape with brood when a disturbance
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occurred), and they seemed to perform the same behaviors with the parasitized brood
individuals.
In order to more closely observe these suspected parasitized larvae, subfragments of colonies were separated from the main collected colony. A portion of fungus
and workers were placed into their own nest box with the parasitized larvae. After
approximately a month, adult wasps emerged (Figure 17). If these adults were not
promptly removed from the next box, the workers attacked and killed them. This
behavior was consistent with that of Cyphomyrmex and T. zeteki ants (Fernández-Marín
et al. 2006; Pérez-Ortega et al. 2010). When possible (before host fungus-gardening
ants attacked the adult parasitoids), adults were collected from the colonies kept in lab
and stored in ethanol at 20ºC for later identification.
Discovery of parasitized larvae of T. arizonensis was unexpected, and further
exploration in the areas where these colonies were found should be conducted to better
understand the extent of parasitoid wasp activity on T. arizonensis larvae and overall life
history of these parasitoids. At this point, we do not know if these parasitoid wasps are a
known species or a novel one, so future work will involve the identification of these
collected specimens.
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Figure 1. Hypotheses for potential evolutionary patterns between hosts and symbionts. These tanglegrams demonstrate (a)
strict one-to-one association and coevolution between hosts and symbionts; (b) no evidence of coevolution between host
and symbiont, suggesting the possibility of widespread symbiont sharing; and (c) a combination of (a) and (b) where there
are some instances of coevolution between host and symbiont (green links), while other host-symbiont relationships are not
significant in terms of coevolution tests (gray links).

Figures
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Figure 2. Photo of oak-juniper habitat.This type of habitat is typically where T. arizonensis
and T. pomonae colonies were found. Photograph by JN Seal.

Figure 3. Photo of ocotillo-Acacia habitat.T. arizonensis had been found in this habitat
growing Clade-A fungi in previous studies (Mueller et al. 2018). Photograph by JN Seal.
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Figure 4. Photo of T. arizonensis nest, exterior.Nests typically had debris scattered outside
of the entrance, making them relatively easy to spot. Photograph by JN Seal.

Figure 5. Photo of T. pomonae nest, exterior.T. pomonae nest entrances are composed of
small bits of rock arranged in a circle with the entrance hole in the center. Photograph by
JN Seal.
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Figure 6. Exposed fungal garden of T. arizonensis during excavation. Photograph by K
Beigel.
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Figure 7. Map showing points where colonies of T. arizonensis and T. pomonae were found over both 2018 and 2019
field seasons. GPS coordinates for collected colonies were taken, and maps were made using QGIS 3.14 (QGIS.org
2020).
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were made using QGIS 3.14 (QGIS.org 2020).

Green represents areas of oak-juniper and creek bed habitats, whereas purple represents areas of ocotillo- and
Acacia-dominated landscape. The red dots indicate points where T. arizonensis was reported previously. However,
repeated surveys of those spots and surrounding areas (purple) did not yield any discovery of T. arizonensis. Maps

Figure 8. Map of areas surveyed in 2018 and 2019.
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Figure 9. Map of areas surveyed in 2018 and 2019 along Forest Rd. 42, near Hilltop, near Portal-Paradise Rd., Turkey
Creek Rd., Trans-Mountain Rd., and in Jhus Canyon. T. arizonensis and T. pomonae were only found In areas indicated by
light and dark green colors. Maps were made using QGIS 3.14 (QGIS.org 2020).

Figure 10. ParaFit tanglegram of conventional marker gene sequence data from fungus
and ant DNA. Links between fungus and ant are color-coded by level of significance. Level
of significance for each link was determined by the mean p-values per link after 100 runs of the
parafit function in R with level of significance α = 0.05. Green solid lines indicate significant pvalues (p < 0.05), red dotted-dashed lines represent a mix of significant and non-significant pvalues, and gray dashed lines represent not-significant p-values (p > 0.05).
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Figure 11. ParaFit tanglegram of conventional marker gene sequence data from fungus ITS
sequences associated with T. arizonensis and T. pomonae ant DNA sequences (Ef1a-F1,
LW Rh, and Wg). Links between fungus and ant are color-coded by level of significance.
Level of significance for each link was determined by the mean p-values per link after 100
runs of the parafit function in R with level of significance α = 0.05. Green solid lines indicate
significant p-values (p < 0.05), red dotted-dashed lines represent a mix of significant and
non-significant p-values, and gray dashed lines represent not-significant p-values (p >
0.05).
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Figure 12. ParaFit tanglegram of SNP data from fungus and ant DNA. Links between
fungus and ant are color-coded by level of significance. Level of significance for each link
was determined by the mean p-values per link after 100 runs of the parafit function in R
with level of significance α = 0.05. Green solid lines indicate significant p-values (p < 0.05),
red dotted-dashed lines represent a mix of significant and non-significant p-values, and
gray dashed lines represent not-significant p-values (p > 0.05).
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Colony

p-value mean (based
on 100 parafit runs)

CR190726.1
CR190728.1
CR190728.2
CR190730.1
CR190801.1
CR190804.1
CR190804.2
CR190806.1
CR190807.1
CR190807.3
CR190808.1
CR190810.1
CR190812.1
CR190814.1
CR190814.2
CVB190728.1
CVB190729.1
CVB190731.1
CVB190801.1
CVB190801.2
CVB190802.1
CVB190802.2
CVB190804.1
CVB190804.2
CVB190804.3
CVB190808.1
JNS180712.1
JNS180712.2
JNS180713.1
JNS180714.1
JNS180714.2
KB180715.1
KB180716.1
KB180716.2
KB180717.1
KB180718.1
KB180718.2
KB180718.3
KB180719.1
KB180720.3
KB180721.3
KB190727.1
KB190727.2
KB190727.3
KB190728.2
KB190730.1
KB190730.2
KB190731.1
KB190731.2
KB190801.1
KB190801.2
KB190802.1
KB190804.1
KB190804.2
KB190806.1
KB190807.1
KB190807.2
KB190808.2
KB190810.1
KB190810.2
KB190810.3
KB190812.1
KB190813.1
SS180712.1
SS180712.2
SS180712.3
SS180714.1
SS180716.1
SS180717.2
SS180718.1
SS180718.2
SS180720.2
SS180720.3
SS180720.4
SS180721.1

0.18
0.40
0.17
0.17
0.18
0.17
0.18
0.19
0.05
0.39
0.19
0.17
0.99
0.37
0.04
0.08
0.99
0.16
0.98
0.17
0.39
0.07
0.08
0.18
0.99
0.09
0.16
0.17
0.19
0.97
0.04
0.99
0.97
0.04
0.03
0.17
0.19
0.41
0.18
0.17
0.19
0.89
0.04
0.99
0.16
0.99
0.17
0.99
0.90
0.99
0.40
0.07
0.17
0.06
0.16
0.06
0.07
0.17
0.17
0.19
0.17
0.18
0.99
0.99
0.18
0.18
0.18
0.18
0.97
0.99
0.19
0.18
0.18
0.19
0.18

Table 1. ParaFit p-value means for each antfungus link in Figure 10.P-values means from
ParaFit analysis based on phylogenies from
Sanger sequencing data of Ef1a-F1, LW Rh, and
Wg of T. arizonensis and T. pomonae with ITS
sequences from associated fungi. The p-value
mean is the mean of ParaFit p-values obtained
from 100 runs of the parafit function in R for each
individual link.
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Colony
JNS180712-1
JNS180712-2
JNS180713-1
JNS180714-1
JNS180714-2
KB180715-1
KB180716-1
KB180716-2
KB180717-1
KB180718-1
KB180718-2
KB180718-3
SS180712-1
SS180712-2
SS180712-3
SS180714-1
SS180716-1
SS180717-2
SS180720-3
SS180721-1

Colony
JNS180712-1
JNS180712-2
JNS180713-1
KB180715-1
KB180718-1
KB180718-2
KB180718-3
SS180712-1
SS180712-2
SS180712-3
SS180714-1
SS180716-1
SS180720-3
SS180721-1
JNS180714-1
JNS180714-2
KB180716-1
KB180716-2
KB180717-1
SS180717-2

Table 2. ParaFit p-value means for each
ant-fungus link in Figure 12. P-values
means from ParaFit analysis of Sanger
sequence data from T. arizonensis and T.
pomonae with associated fungi. P-value
mean is the mean of ParaFit p-values
obtained from 100 runs of the parafit
function in R for each individual link.

p-value mean (based on
100 parafit runs)
0.26
0.25
0.25
0.96
0.09
0.99
0.96
0.08
0.09
0.26
0.25
0.26
0.99
0.26
0.25
0.26
0.25
0.96
0.26
0.26

Table 3. ParaFit p-value means for each
ant-fungus link in Figure 12. P-values
means from ParaFit analysis of SNP data
from T. arizonensis and T. pomonae with
associated fungi. P-value mean is the
mean of ParaFit p-values obtained from
100 runs of the parafit function in R for
each individual link.

p-value mean (based on
100 parafit runs)
0.025
0.026
0.023
0.998
0.024
0.023
0.025
0.025
0.024
0.024
0.025
0.021
0.023
0.022
0.001
0.001
0.001
0.001
0.001
0.001
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Figure 13. T. arizonensis with fungus and a combination of normal and parasitized
brood.Parasitized brood are gray in coloration and are denoted by red circles here.
Photograph by C Pawlik.
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Figure 14. A group of parasitized T. arizonensis brood on a paper towel. Photograph by C
Pawlik.

Figure 15. Lateral view of a parasitized individual under dissecting microscope. Photograph
by K Beigel.
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Figure 16. Frontal view of a parasitized individual under dissecting microscope.Photograph
by K Beigel.

Figure 17. Adult parasitoid wasp under dissecting microscope.Photograph by K Beigel.
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Appendix notes
1. Note on COI sequence abnormalities
a. COI sequences for T. arizonensis were unusual in that they appeared to
have an issue with either the primer region or the presence of numts
(Martins et al. 2007; Beckenbach 2009). However, the presence of
smaller peaks (which occurred in line with and in between what appeared
to be the ‘main’ peaks in the COI alignment) may have interfered with the
phylogenetic reconstruction and subsequent ParaFit analysis by
introducing erroneous into the alignment. The interfering peaks were
consistent across samples, and they also appeared in multiple
sequencing attempts of the same DNA sample; additionally, they were
similar to T. arizonensis COI sequences previously published from NCBI
Genbank. There were abnormal patterns in the T. arizonensis COI
sequences. Genes sequenced were similar to those previously published
and available on GenBank. However, the sequences appeared to have
chromatogram peaks in between and overlapping those that
corresponded to the GenBank reference sequence for T. arizonensis
(EF539742). This issue may have been due to an issue with the primers,
or perhaps T. arizonensis has numts (Martins et al. 2007; Beckenbach
2009). Additional investigation would be needed to further understand the
COI sequencing abnormalities; however, COI did not appear to be that
variable for T. arizonensis in general based on chromatograms of the
sequences. As a result, regardless of what may be occurring within
mitogenomes, COI markers were of limited utility within the T. arizonensis
populations studied.
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Supplemental figures

Figure S1. Phylogeny of fungus from T. arizonensis and T. pomonae colonies collected in
2018 and 2019 from near SWRS based on ITS sequences. Tree reconstruction was
performed using IQ-Tree with option for partitioning of concatenated gene sequences (to
allow of different models per gene). Visualization was output from iTOL.org, with colors
edited in Adobe Illustrator.
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Figure S2. Phylogeny of ant samples from T. arizonensis and T. pomonae colonies
collected in 2018 and 2019 from near SWRS based on conventional marker gene
sequences from ants. Tree reconstruction was performed using IQ-Tree with option for
partitioning of concatenated gene sequences (to allow of different models per gene).
Visualization was output from iTOL.org, with colors edited in Adobe Illustrator.
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Figure S3.Phylogeny of fungal garden samples from T. arizonensis and T. pomonae colonies collected in 2018 and 2019 from near
SWRS based on variant-only SNP data. Tree reconstruction was performed in RAxML using rapid hill-climbing maximum likelihood
search (1000 replicates), autoMRE for bootstrapping, model ASC_GTRGAMMA, and felsenstein ascertainment bias correction.
Visualization was output from iTOL.org, with colors edited in Adobe Illustrator.
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Figure S4. Phylogeny of ant samples from T. arizonensis and T. pomonae colonies collected in 2018 and 2019 from near SWRS based on
variant-only SNP data.Tree reconstruction was performed in RAxML using rapid hill-climbing maximum likelihood search (1000
replicates), autoMRE for bootstrapping, model ASC_GTRGAMMA, and felsenstein ascertainment bias correction. Visualization was output
from iTOL.org, with colors edited in Adobe Illustrator.
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Bioinformatics pipeline for SNP data
1. Extraction of reference sequence from .vcf
For reference sequence extraction, the script was run in the PyCharm IDE Community
Edition 2019.3.3 with the Python 3.8 interpreter on Windows 10; execution of the script
took a couple of minutes. The script contains information about how to call the .vcf file
and designate an output file name. The script also prints (to the Run window) the total
number of characters output, the number of characters omitted, and the total characters.
The sequence in the output file was then added to the SNP data PHYLIP file containing
the sample data. This action was done using Mesquite v3.61 by opening the PHYLIP file
in Mesquite and adding the sequence from a .txt or FASTA file [15]. The SNP alignment
was exported to a PHYLIP file from Mesquite and used for the rest of the methods [15].
2. Removal and count of invariant sites
The raxml_ascbias Python script (github.com/btmartin721/raxml_ascbias) was run to
evaluate the number of invariant sites. This script produces a PHYLIP file with invariant
sites removed (Fig. S2). The script also produces a text file with the number of invariant
sites that were removed. This script was run from Unix command line using the follow
command:
$ python ascbias.py -p phylipInputFileName -o phylipOutputFileName

3a. Make a partition file for the invariant sites
# Choose a correction method (felsenstein or stamatakis were used here; lewis is also
available but does not require a partition file)
# The partition file set-up consists of two text files: part.txt and p1.txt
# part.txt should contain: information about the partition files(s) with information
on the invariant site count(s), a designation of the type of data (DNA used here), the
partition range (only one partition here)
# the part.txt file:
[asc~p1.txt], ASC=DNA, p1=1-96319
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3b. Make a partition file for the invariant sites: felsenstein
# felsenstein correction: the number of invariant sites is a total sum of the
invariant sites removed
# the p1.txt file contains a single integer, the number of invariant sites
# example of a p1.txt file:
205127

4a. RAxML rapid hill-climbing maximum likelihood search
# Rapid hill-climbing maximum likelihood search, recommended 200-1000 replicates.
$ raxmlHPC-PTHREADS-SSE3 -T 20 -f d -# 1000 -p 12345 -m ASC_GTRGAMMA --asccorr=felsenstein -q part.txt -s alignment_ascbias.phy -n NAME_ascbias_bestTree_1000MLrep.txt

4b. RAxML autoMRE to produce bootstrap replicates
#
$ raxmlHPC-PTHREADS-SSE3 -# autoMRE -T 20 -x 12345 -p 23445 -e 0.001 -m ASC_GTRGAMMA
--asc-corr=felsenstein -q part.txt -s alignment_ascbias.phy
-n NAME_ascbias_BSreplicates.txt

4c. RAxML mapping of bootstraps to best maximum likelihood tree
$ raxmlHPC-PTHREADS-SSE3 -T 20 -f b -p 12234 -m ASC_GTRGAMMA
-t RAxML_bestTree.NAME_ascbias_bestTree_1000_MLrep.txt
-z RAxML_bootstrap.NAME_ascbias.BSreplicates.txt -n NAME_BS_Tree

4d. Descriptions of RAxML flags used in code
-T
-x
-m
-n

numberOfThreads -f algorithm -# numberOfRuns|autoMRE
rapidBootstrapRandomNumberSeed -p parsimonyRandomSeed -e likelihoodEpsilon
substitutionModel –asc-corr=ascBiasModel -q partitionFileName –s inputAlignmentName
outputFileName -z multipleTreesFile

# -e should be set to 0.001 for models that use proportion of invariant sites estimate
# -s input file should be file from ascbias script that has invariant sites removed
# -p part.txt file should be the partition file
# -f should be set to d for rapid hill-climbing tree search algorithm
# -f should be set to b to draw bipartition information onto -t tree (best ML tree)
based on bootstrapping file designated by -z

5. Visualization of trees Interactive Tree of Live (iTOL) v4
iTOL can be used to display, edit, and annotate trees from a variety of input filetype
(Letunic and Bork 2019). iTOL was used to edit taxa names and re-root the tree using
the reference sequence (Letunic and Bork 2019).
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